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Abstract 

We examine the question of finding the supersymmetric completion of the term in M- 
theory. Using superheld methods, we present an eight derivative action in eight dimensions 
that has 32 preserved supersymmetries. We show also that this action has a hidden eleven¬ 
dimensional Lorentz invariance. It can thus be uplifted to give the complete set of bosonic 
terms in the M-theory eight derivative action. 

1 Introduction 

At low energies, string theory can be reduced to an effective held theory of the massless 
modes. The leading two-derivative action for these helds is the supergravity action 82 - 
The effective action also contains an inhnite series of higher derivative terms, suppressed 
by powers of the string scale a', and the complete action has the form 

S = S 2 + {a'YSs + (a0"5io + ... (1.1) 

where Sn contains terms with n derivatives. The leading correction in type II theories is 
the eight-derivative action, which contains the famous R" term [1, 2] 

= J d^^x CCR (1.2) 

Previous work on the eight derivative terms has produced many important results 
[3, 4, 5]. Most importantly, several nonrenormalization theorems are known which strongly 
restrict the moduli dependence of the eight-derivative terms. In particular it is known 
that in IIA theory, the R term occurs only at tree-level and one-loop. The R action in 
M-theory can then be obtained by taking the strong coupling limit of IIA theory [4]. 

There are also several other terms at the eight derivative level, which involve the other 
helds of the theory (in M-theory these helds are the gravitino and three-form held Cmnp)- 
These terms are believed to be related to the R term by supersymmetry. However, little 
is known about the detailed structure of these terms. 
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There are several reasons that one wishes to know the full action at the eight-derivative 

level. 

At the basic level, knowledge of these terms will tell us a lot more about actions with 
maximal supersymmetry, which may lead to fundamental understandings like the off-shell 
nature of the theory. 

From a phenomenological viewpoint, there has been a lot of interest in flux compactih- 
cations, where fluxes are turned on in the internal manifold (see e.g. [6]). This can apply 
both to the case of string theory on a Calabi-Yau manifold, or M-theory on a G 2 manifold. 
The potential for moduli in this background can be efficiently computed in the low energy 
effective theory, and can be used to gain information about stable compactihcations at 
large radius. However, one needs to know the full action including all the held strengths. 
The full action may also be needed to consider the stabilization of the brane moduli. 

Another place where the full effective action is required is for computing corrections 
in Anti-de-Sitter (AdS) backgrounds, for applications to the AdS/CFT correspondence 
(e.g. [7]). These can be applied to hnd corrections to black hole entropy, or to correlation 
functions. 


Despite these motivations, it has not been possible so far to determine the complete 
eight derivative action. Several different approaches have been tried. All of these ap¬ 
proaches have their own problems. 

In string theory, the action can be computed by evaluating all the relevant string 
diagrams, and extracting the low energy action [1, 2, 8, 9]. In M-theory, a similar approach 
can be used using superparticle vertex operators [10]. The term can be found in this 
way. Alternatively, one can use sigma model techniques [11]. 

Unfortunately, string diagrams contain much more information than just the eight- 
derivative terms. One needs an effective way of extracting the low energy limit without 
doing the entire computation. Furthermore, once we get to five-point amplitudes and 
beyond, we have to worry about extracting contributions to the amplitude involving the 
exchange of massless helds, for example those coming from a combination of the four- 
point eight derivative amplitude and a tree level three-point interaction. Furthermore, the 
plethora of helds in the supergravities means that many amplitudes need to be computed. 
Sigma model techniques also require intense computational effort. 

Another approach is to use the high supersymmetry of the theory. It is believed that 
the eight-derivative action is completely determined by supersymmetry alone. One can 
therefore attempt to construct the action by using the Noether method to generate terms 
step by step until supersymmetry is satished. This has been attempted for the heterotic 
string action [12, 13, 14, 15]. Unfortunately, the vast number of helds and the plethora 
of possible terms make it impractical to use this method directly in ten-dimensional 
supergravity, and even the eleven-dimensional case is very difficult. 

The most promising approach is to use superheld methods. If the complete superheld 
can be found, then the action can be written as an integral over one-half of superspace. 
This has been attempted for the heterotic string in [16], and discussed for the maximally 
supersymmetric theories [17] (see also [18]). For the case of M-theory, this might seem 
hopeless, as there cannot be a chiral superheld in eleven dimensions (but see [19]. 
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In this paper, we shall show that the superheld approach can indeed be used to obtain 
the complete eight-derivative effective action in M-theory. This will require us to perform 
one trick: the requisite action is constructed in eight dimensions rather than eleven. 
That is, an action can be constructed which has all the required supersymmetry and 
manifest eight-dimensional Lorentz invariance. We then show that in fact there is a 
hidden eleven dimensional Lorentz invariance. Thus the eleven dimensional action can be 
straightforwardly found by a dimensional oxidation of this action to eleven dimensions. 


The reason we need to go to eight dimensions is a natural consequence of the structure 
of superheld actions. The lowest component of a chiral superheld must be a complex scalar 
which does not exist in eleven dimensions. To get a complex scalar in a chiral theory, 
we need to dimensionally reduce to eight dimensions. Hence instead of trying to hnd the 
M-theory action directly, we will try to hnd the dimensional reduction of the action on a 
three-torus. The dimensionally reduced action will be constructed by superheld methods. 

In fact, we do not even need to hnd the full action in the lower dimensional theory. 
For example, the eleven dimensional term of the form R^G\ will yield, after dimensional 
reduction, terms like R^G\ as well as R^H^. If we can establish the exact form of either 
of these terms in eight dimensions, we can dimensionally oxidize to reproduce the eleven 
dimensional term. 

The dimensional reduction of eleven-dimensional supergravity on a three-torus pro¬ 
duces N = 2, D = 8 supergravity and was originally performed in [20]. The scalars from 
the reduction of the metric are the volume of the three-torus and 5 scalars {i,m = 
1, 2, 3). There is also the scalar Ci 2 z. These 7 scalars parametrize a SL{3, R)/SO{3, R) x 
SL{2, R)/U{1) coset space. In addition, the theory contains three 2-form helds, 3 gauge 
helds, and a three-form held. The details of this reduction are worked out in the next 
section. 

We then build a chiral superheld for this theory. The lowest component of this su¬ 
perheld is a complex scalar built out of G 123 and the volume of the three-torus. The 
curvature occurs, as expected, with a coefficient of 6*^. We can therefore expect to obtain 
a supersymmetric action by integrating the fourth power of the superheld over half of 
superspace. 

Unfortunately, this is not the case. The reason is that we also need a supersymmetric 
measure; the supersymmetric analogue of the factor. Now it is not obvious that such 
a measure exists, and in fact, in the very similar situation of type IIB supergravity, it can 
be shown that such a measure does not exist [21, 22]. There is a similar obstruction in 
our case, and hence the supersymmetric action suggested above does not exist. 

The way around this for type IIB was suggested in [23], and we shall apply the same 
reasoning here. Instead of trying to construct the full action in eight dimensions, we shall 
look for a subset of the terms. 

Explicitly, we only consider bosonic terms which are composed out of the curvature 
R, the three-form held strengths and the scalars (each of these is uncharged 

under this U(l) symmetry). Furthermore, we consider terms which are composed out of 
the bosonic terms listed above, and in addition contain two fermions of charge 1/2 and 
— 1/2 respectively. 

We can now go ahead and hx these terms by requiring the cancellation of the variations. 
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This is tedious, but the superfield approach can help us fix these terms. Our crucial claim 
is that the superfield correctly enforces this cancellation; the superfield action will thus 
reproduce correctly the specific subset of the terms that we have described above. To 
substantiate this claim, we perform an explicit evaluation of the variations of the action, 
and explicitly show that the variations cancel (this calculation is very similar to the one 
performed in [22, 23]). 

We can therefore use the superfield to produce an action involving the curvature R, 
the three-form field strengths H^^prn, and the scalars L^. This is sufficient, as we have 
mentioned, to recover the eleven dimensional action, as long as the eight-dimensional 
action has the form of a dimensionally rednced action, that is, it should have a hidden 
eleven dimensional Lorentz invariance. 

We must therefore confirm that onr action has this hidden Lorentz invariance. This 
can be done in a straightforward way, by snmming over an entire orbit of terms generated 
by the eleven dimensional rotations. The resulting action then has eleven dimensional 
symmetry, and 32 snpercharges. It can therefore be dimensionally oxidized to find the 
eleven-dimensional action. 

We close with a discussion of fnture directions. 


2 N=2, D=8 supergravity 


N = 2, D = 8 snpergravity can be obtained as a direct dimensional redaction of iV = 
1,D = 11 snpergravity to eight dimensions. The bosonic sector of the theory contains 7 
scalars, 6 vectors, 3 two-form fields, one three-form and a graviton. The fermion sector 
contains two gravitinos and four fermions. We perform the explicit dimensional reduction, 
following [20]. 

We denote the IID fields by |e^“, 'j/’a} where hatted indices rnn from 0 to 10. 

Space-time indices are denoted while tangent-space indices are denoted a. 

The eleven dimensional supersymmetry variations are taken to be 


5e/ = (2.3) 

5C^Op = ^eTyf,o'tpp\ (2.4) 

5^^ = 2b^e + (2.5) 


We split the coordinates z^) with /i = (0,1,..., 7) and m = (1, 2, 3). Corre¬ 
spondingly, we split the indices ji = = (a, i) where /i, a rnn from 0 to 7, and m, i 

run over 1, 2, 3. The bosonic fields are reduced via the ansatz 




ep = 


( 2 . 6 ) 


V 0 




and 


Cabc = e-^^Cabc, CaM = LrBabm, Ca^J = 6-^^ V^mn , • (2.7) 
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The fermions are reduced by the ansatz 

- ir,r%) , = e‘^/i2A,, e = e-^l^\. (2.8) 

We also dehne 

M^n = -LjLjriij , (2.9) 

where rjij = is the internal flat metric. 

The dimensional reduction of the eleven dimensional held strength G leads to the 
eight-dimensional held strengths 

Gfj,up\ = 4:d[pC^pX\ + QF'^[pvBp\]m ; 

Gpupi = L^'^Gpupm = + ^F'^[puVp]mn) ( 2 - 10 ) 

Gp,,, = L^L^^Gp^mn = T /(2P[^K]™„ + ^e^npF%,) 

n — T m T n T _ T mj nj p p 

^fj^ijk -^k ^fJ^mnp -^k 

where the held strength of the gauge held is given by 

F^p, = 2 d[pA^,} (2.11) 

The supersymmetry transformation rules in eight dimensions are 

(2.12) 

6 ^/Jp = 2 dpe - 

-±e-^rFGp,,,e + le^/^T^L ™(r7 - lO^/T^F^.e 

+^r*(r7^ - 66;^^^)G^ps^e + - io6;nG^p,,e (2.13) 

6 ^/Ji = U^L^^VMmnTje - ^V^dp^T.e + 

-^e^BLrMmnT^‘'F;^e + -^e^Gr^T^^-P^Gp.pse + 

+^(25d-rd)F-PG,.^,e (2.14) 


SA^p = -le-^/2^re(r>p + Tp{ri^^ + ^rF)A,) (2.15) 

SVpmn = £™np[-^e^/2^TeF(r>^ + Tp{ri^^ - ^PF)A,) - ^5A\] (2.16) 

5Bp,m = + hp,{3S,^ - r,F)A,) - 2(2.17) 

SGp^p = ^e-^^/hT^p^iijp] - ir,]r*A,) - 35A^[pB,p]^ (2.18) 

(5(^ = -^er'A, (2.19) 

Si = -le^eT^FAi (2.20) 
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Here we have defined F® = 

This theory has a manifest SL{3, R) acting on the compactification three-torus. There 
is also a SL{2, R) symmetry, which corresponds to the electric-magnetic duality of 11- 
dimensional supergravity. We will now rewrite the fields to make this more manifest. 

To represent the SL{2, R) symmetry linearly on the scalars, we must introduce an 
extra compensating scalar 0. The scalars are organized into a SL{2, R) matrix 


1 / M \ _ 1 / re re*'^ 

^i\v V’ ) ~ \ e-** e** 


( 2 . 21 ) 


Here r = / + ie^ parametrizes the upper half plane. There is now a local U(l) action that 
acts as a shift on the angular variable 0, and which can be used to set 0 = 0. 

We will define V0rnn = CmnphF^- Then the potentials (H, W) form a SL{2, R) doublet. 
They can be organized into SL{2, R) invariant fields defined by 


(“”„)*) = H/” )V^ (2,22) 

with the corresponding field strengths = 2d[fj,Aj^. 

Similarly, the four-form field strength Gmnpq and its dual four-form Gmnpq can be 
organized into SL{2, R) invariant field strengths by 


{^fJ,Up\, R^lupx) — "^{Gf,iyp\,Gf,iyp\)V 

In the fermion sector, we define 


, (1 + r°) , 

^ O ^ 






Xm 2 (t/’m ghmT ' 4 ’i) 

Now we can rewrite the supersymmetry transformation laws 


(2.23) 

(2.24) 


Ae/ = (cr"r>; + CT»rv4 


= 2v,.c + + ^r'L,’"(ry - 


flUpCT 

^\J 

SX = rVaC - ^F*L 


- ^(350- _ 

= -Lr (cr°F>^ + CF°F^x* + ^CT°F^F*a) 

= L^Xr°(F,[^0:] + + T^*CT°(F,[^0.] + h,,Xi) 

+iemnp{aJ^ ^5a\-a*^^5aP ,) 

Su = —^cr°A 

2 iv 


(2.25) 

(2.26) 

(2.27) 

(2.28) 

(2.29) 

(2.30) 

(2.31) 
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The various field strengths are now charged under the local U(l) symmetry. The scalars 
M, V have charge 1. The field strengths fmn and F have charge 1, while the two-form field 
and the curvature have zero charge. The gravitino and the fermion Xm have charge 
1/2, while the fermion A has a charge 3/2. 

3 The linearized superfield 

We now start the superfield analysis of the theory. 

The superspace coordinates are where 9*°" = (0")*, and 0 is a 16 compo¬ 

nent Weyl spinor satisfying (1 -|- iT'^)9 = 0. The supersymmetric derivatives are defined 
as 

( 3 - 32 ) 

The chiral superfield satisfies = 0, and has for its lowest component the scalar u. 
The rest of the superfield can be determined from the basic equation for the supersym¬ 
metry variation of any superfield V 

= CDaV - (3.33) 

Repeatedly applying this equation, we find the components of the chiral superfield. 

We find for the first few components at the linearized level 

<h|e=o = u (3.34) 

Da^\e=o = ^(r°A)« (3.35) 

2 iv 

QfL(3.36) 

(3.37) 

We now work out the terms in the next order of the superfield which are proportional 
to the curvature. These terms are 

[(rTVr»)j,,(r»r‘r„)j„ 

+1 (r“r, r ,;’ (3,38) 

The terms in the superfield multiplied by all have two derivatives. Thus if we 
integrate over half of superspace, we will produce an eight derivative action 

Ss = J (3.39) 

which will have linearized supersymmetry. 

When we include the moduli, we can have a moduli-dependent coefficient multiplying 
this action; this coefficient is not itself determined by linearized supersymmetry. Explicit 
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computations in string theory show that the above action must be multiplied by the 
function ln{r]{u)). Hence the action would have the form (up to an overall constant) 

^8 = ln(r/(u)) J (3.40) 

4 The Nonlinear Action 

We can now try and extend this to the nonlinear case. 

When we try to go beyond the quartic action, we will need the full nonlinear superheld. 
In addition we need a supersymmetric measure; the supersymmetric analogue of the 
factor. The suggested form of the eight-derivative action is then 

Ss = J d^^x J 

16 . 

= / ^ (4.41) 

where hh = and A is by dehnition a superheld whose lowest component is 

A|e=o = y/g (4.42) 

A is to be constructed order by order by requiring that the action be supersymmetric. 

Now it is not obvious that such a measure exists, and in fact, in the very similar 
situation of type IIB supergravity, it can be shown that such a measure does not exist 
[21, 22]. The issue is that while we can arrange that all variations proportional to ( cancel, 
the variations proportional to (* will then not cancel. There is a similar obstruction in 
this case, and hence the supersymmetric action suggested above does not exist. 

In [23], it was shown that despite this problem, there was still some nontrivial infor¬ 
mation available from the superheld expression. In particular, a subset of the terms in 
the action is correctly generated from the superheld. The same reasoning will apply here. 
To make this explicit, we now dehne the subset of the terms that we will look at. 


We restrict attention to the bosonic terms which involve only the held strengths which 
are uncharged under the U{1), viz. the curvature R^upa, the three-form held strengths 
Hpupm, and the scalars L^. Examples of such terms are R‘^, R^H^ etc. 

Now under a supersymmetry transformation, these terms produce variations which 
contain one or more fermion helds; for instance, the variation of the term will produce 
variations of the generic form R^^D'^ip. This must be cancelled by the variation of terms 
bilinear in fermions, for example, a term of the form R^DipD'^'ip. An analysis of the U(l) 
structure shows that these terms must be of a particular form: they involve the uncharged 
helds Rpupa, Hpupm, and L^, and in addition they have two fermions, one of which carries 
a 1/2 charge under the U(l) (i.e. or Xa), and one with a —1/2 charge under the U(l) 
(i.e. i;* or xD- 

We hx these terms by requiring a cancellation of the variations. It will suffice to consider 
those variations which have at most one fermion held i.e. we ignore the cancellation of 
the terms with three fermions. The cancellation of variations with one fermion will be 
enough to determine the subset of bosonic terms in the action that we are considering. 



Our crucial claim is that the superheld correctly enforces this cancellation; the super- 
held action (4.41) will thus reproduce correctly the specihc subset of the terms that we 
have described above. 

To prove this, we start by noting that the uncharged held strengths are all found in 
the component of the superheld. The fermionic terms that we are considering are all 
to be found in the 0^, components. Thus, when we look for the bosonic terms in the 
action, the 16 Q are then already saturated from the term. For the terms bilinear in 
fermions, at least 15 Q must be taken from the term (as opposed to factors of Q coming 
from A). 

Hence to construct the action, we only need the hrst two components of A, i.e. Aj^^o = 
^ and IlQ,A|e=o- We do not need the other components of the measure, as long as we 
are restricting ourselves to this particular subset of terms. 

To summarize, we are setting (9r = Aj = a™ = = 0, and we are considering 

variations with at most one fermion held. We may truncate the action to 

S = jd^x + 16Z1,, A| D^,...D^,,W\) (4.43) 

We now need to show that this action is supersymmetric, and we shall do this in the 
next section. This analysis will follow [22] closely. 

5 Cancelling the Supersymmetry Variations 

To analyze the supersymmetry variations, we will need some facts about the torsions. 
These are determined by the algebra 

[Dai Db} = —Tab^Dc + -Rabc^Ld^ + ^IMabu , (5.44) 

We can set some torsions and curvatures to zero because there are no terms of the right 
dimension and charge. We then hnd that the nonzero torsions are TafR, Ta(f, TafRi Tab^ 

and their complex conjugates. 

The curvatures are determined from the torsions by the Bianchi identities 

^ {DaTbc^^ + Tab^Tec^ - Rabc^) = 0 (5.45) 

(ABC) 

in particular 

- R^fs^^ = 0 (5.46) 

The torsions can be determined from the supersymmetry algebra.For example, we have 

DaDf,V - DpDaV = -Tafs^D^V (5.47) 

Noting that 

= ef £>„ = (5,48) 

we hnd that the algebra implies that 

= -*(r»P)^s (5.49) 
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and 


T,s“ = - A(pL™(r7< - 6s;t^)Ug.,^ (s-so) 

Now we return to the considerations of the supersymmetry variations. Once again, we 
are setting (9r = A = 02 = 0, and we are considering variations with at most one fermion 
held. We can then set D'^W\ = 0 in the supersymmetry variations for all n < 14. We 
thus only need to cancel the variations proportional to and . Furthermore 

we can set [Da^, Da 2 ]^\ = 0, since it has a U(l) charge of 1. 

The variations are then 

5S = j [5eD^^W\ + e{5D^^W\) + + e5D^^\D^^'^W\] (5.51) 

Consider each term separately. 

For the hrst term, the variation of e is 

= -^ee^,(CF0F>; + C*r°F>^) (5.52) 

In the second term, the variation of the D^^W\ term is 

5D^^W\ = . (5.53) 

In the C terms we can antisymmetrize the Da derivatives, and since there are only 16 Da-, 
this term is zero. For the C,* terms, we compute the commutator [Da, D^^]W\. We hnd 

m'H¥\ = + c" (eriS^A., + ryrx) 

where we have used (5.46), and dropped the torsions with U{1) charge greater than 1/2. 
In the third term 

- C<^Dg)(D„..D„,W\) (5.54) 

The (* terms are all of the form D'^W with n < 15, and can be ignored. So 

= CD^^W\ (5.55) 

We can now calculate the total coefficient of D^^W. This is 

C“ (-jee^r'rv; - eB„A|) + C“ (5.56) 

The second term cancels. From the first term, we learn that we must take 

D;5A| = (5-57) 

The coefficient of D^’^^W\ in the variation is then 

+ C“ (e? + T^Tl) 
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When taking the variation of the gravitino, the terms proportional to ( all multiply 
terms with U(l) charge greater than 1/2, and can be dropped. The terms proportional 
to are easily shown to cancel in the above coefficient up to a total derivative. 

To summarize, we have shown here that the action (4.43) is invariant under super- 
symmetry transformations, after we perform the truncation described in the previous 
section. 

6 Lorentz Invariance 

Let us review what we have found so far. We have found supersymmetric actions of the 
form (4.43). In these expressions, $ is a chiral superheld, but we only need the 
terms i.e. the superheld <h can be truncated to 03^3 + 04^^ ^ 
will provide a supersymmetric expression as long as $3 is a linear combination of terms 
which have U{1) charge 1/2. In our case, there are two fermions and dfj_Xi which have 
this charge, and the proper dimension, and so $3 in general can be taken to be a linear 
combination of these objects. 

The correct linear combination, which we denote ^inv, can be determined by requiring 
the action to have eleven-dimensional Lorentz invariance. 

Let us suppose we want to extend an SO(2) invariant object to an SO(3) invariant 
object. For example, take the SO(2) invariant + AyBy = J2i=i,2 Then the 

SO(3) invariant object is immediately found to be Y.i=i,i,AiBi, that is, we simply extend 
the sum over all possible indices. The same principle can be applied to our case. 

Now in our case, the third term in the superheld contains the term 

e^d^d^D^^Df,D,^^e=o = - + (e.ss) 

Here run from 0 to 7. To make this Lorentz invariant, we should extend the sum 

over the eleven dimensional indices. For the gamma matrices, for instance, we must add 
terms where F^ has been replaced with F*. 

For the gravitinos, we should use the relation between the eleven dimensional gravitino 
and the eight-dimensional gravitino 

4 _ lr,F*A,) (6.59) 

Now we are setting A* = 0 in all terms. We are also ignoring the moduli dependence. At 
this level of approximation, we can write the above term as 

= •••• + (6.60) 

The extension of the term to a Lorentz invariant form is now straightforward; we thus 
get the Lorentz invariant object 

IF 3 = ^ + er^^^eer.j'ipxp + 4er'^^^eer,Jjx + ( 6 . 6 i) 

We have used the fact that 6 * is a Weyl spinor to simplify the expression. 

This is the 6 ^ component of the required Lorentz invariant superheld ^inv To construct 
the action, we also need the 6 *^, 9^ components of ^mv These can be found by using the 
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standard formula (3.33). We shall leave the explicit evaluation of these terms to a future 
paper, and here we will summarize these terms by formally replacing W 3 by the expression 

w =^- (6.62) 

We have here dehned the new superhelds \hAp, 'hjA, ^ij- The lowest components of these 
superhelds are respectively 'ipxp, 'ipjx, 'ipij- {W itself is not a superheld; it should be thought 
of as the sum of the 6 ^, 9"^, 9^ terms of the superheld ^inv) 

Including the moduli-dependent coefficient, the full action is then (up to an overall 
constant) 

^8 = Hv{n)) j WV 8^(r°r“),,^^f D„,...D„,,W"|)6.63) 

This action has manifest N = 2 supersymmetry in 8 dimensions (after the truncation 
already described), and is clearly the reduction of an action with 11-dimensional Lorentz 
invariance. To hnd the explicit M-theory action, we need to evaluate the suerspace deriva¬ 
tives (or alternatively, perform an integration over the superspace coordinates) and obtain 
the action in coordinate space. The resulting action can be dimensionally oxidized to 
eleven dimensions. 

7 Discussion 

We have found part of an action in eight dimensions which has 32 supersymmetries. This 
action encodes all terms in eight dimensions involving the curvature Rpupa and the three 
forms Hpypm- In future work, we will uplift this action to obtain all the bosonic terms 
in the eight-derivative M-theory effective action. It should also be possible to use our 
technique to hnd the terms bilinear in fermions. 

In addition to hnding the explicit action, there are several directions of interest to 
pursue. 

Knowledge of the M-theory action allows us to hnd the one-loop type IIA action by a 
dimensional reduction. It would be interesting to develop techniques to hx the tree level 
part of the type IIA action as well. Similarly, we would like to work out the action for 
M-theory compactihed on arbitrary tori. 

More speculatively, we may be hnding hints about the ojf-shell superspace formulation 
of the theory. Little is known currently about the oh-shell superspace formulation of the¬ 
ories with 32 supercharges; even the auxiliary held content has not been determined. Our 
results here suggest that if such a formulation exists, it should exist in eight dimensions 
rather than eleven. It may be that to obtain a manifestly supersymmetric formulation, 
we have to give up manifest Lorentz invariance. It would be very interesting to see if our 
results can be extended to make this explicit; understanding the structure of the fermion 
bilinears will also help in this. 
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